Epithelial Thinning in Limbal Stem Cell Deficiency  by Chan, Eric H. et al.
S
Accepted fo
From the
David Geff
Biostatistics,
California, L
Luxia Ch
College of O
Republic of
Inquiries
University o
90095; e-ma
0002-9394/$
http://dx.doi.Epithelial Thinning in Limbal Stem Cell
DeficiencyERIC H. CHAN, LUXIA CHEN, FEI YU, AND SOPHIE X. DENG PURPOSE: To investigate the epithelial thickness in the
cornea and limbus in limbal stem cell deficiency (LSCD)
by using in vivo laser scanning confocal microscopy.
 DESIGN: Cross-sectional comparative study.
 METHODS: Confocal images of 48 eyes of 35 patients
with LSCD collected by the Heidelberg Retina Tomo-
graph III Rostock Corneal Module Confocal Microscope
from 2010 to 2014 were analyzed. Volume Z-scans of the
central cornea and the superior, nasal, inferior, and tem-
poral limbus were included in the analysis. Eleven normal
eyes served as control. Epithelial thickness in all locations
was measured by 2 independent observers.
 RESULTS: The mean epithelial layer thickness was 48.6
± 2.3mm in the central cornea and 63.7 ± 11.3mm in the
limbus in the control. Compared with the epithelial thick-
ness in normal control, the epithelial thickness in LSCD
patients was reduced by an average of 20.2% in the cen-
tral cornea and 38.5% in the limbus (all P< .05). The
mean corneal epithelial thickness in patients with
LSCD reduced 7.6%, 20.8%, and 61.3% in the early,
intermediate, and late stage, respectively, compared to
the control. In the limbus, the overall epithelial thickness
decreased 30.0%, 39.7%, and 62.8% in the early,
intermediate, and late stage of LSCD, respectively (all
P< .05). Epithelial thinning correlated with the severity
of LSCD in both cornea and limbus. In eyes with sectoral
LSCD, a similar degree of epithelial thinning was also
detected in the clinically unaffected limbal regions.
 CONCLUSIONS: Both corneal and limbal epithelia
become progressively thinner in LSCD. Epithelial
thickness could be used as a diagnostic measure of
LSCD. (Am J Ophthalmol 2015;160(4):669–677.
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IMBAL STEM CELL DEFICIENCY (LSCD) OCCURS WITH
destruction of limbal stem cells (LSCs) through
either injury or congenital abnormality. LSCs are
proposed to reside in the palisades of Vogt and in the deep-
est limbal epithelial cell layer. The basal cells of the limbus
may consist of LSCs, trans-amplifying cells, and niche
cells.1–4 Common causes of LSCD include chemical
injuries, severe dry eyes, contact lens wear, Stevens-
Johnson syndrome, multiple surgeries, and severe infec-
tious keratitis.5 The hallmark of LSCD is invasion of
conjunctival epithelium onto the cornea. Common
symptoms and clinical findings include pain, superficial
neovascularization, and recurrent or persistent epithelial
defects.6–8
The diagnosis of LSCD is largely based on careful clin-
ical examination using fluorescein to detect the abnormal
conjunctival epithelium on the cornea. Stippling stain-
ing in a vortex pattern along with epithelial thinning,
irregularity, and opacity are often present. Detection of
goblet cells on the cornea by impression cytology con-
firms the diagnosis. Goblet cells are normally found in
conjunctival epithelium, and their presence on the
cornea indicates invasion of the conjunctival epithelium
onto the corneal surface.9 However, goblet cell deficiency
can be concurrent with LSCD and may lead to a false-
negative result. In addition, in the early stage of LSCD,
goblet cells might not be present in the cornea. Use of
conjunctival biomarkers is a recent development and still
needs to be confirmed in larger clinical studies.10–12
Pannus or corneal neovascularization is seen in LSCD,
but their presence does not necessarily indicate LSCD.
In addition, the degree of LSCD cannot be reliably
evaluated by impression cytology because of sampling
error. To date, no classification system for LSCD has
been established, partly because of the lack of a specific
diagnostic marker of LSCD and the lack of a
quantitative method to measure corneal epithelial cells
on the corneal surface.
Accurate diagnosis of LSCD is important, as a corneal
transplant will not survive in LSCD. Replenishment of
the LSCs is the only appropriate treatment.4,5,13,14 In vivo
scanning laser confocal microscopy has been used
previously to analyze the corneal epithelium and
associated structures in normal subjects and patients with
LSCD.15–21 Central corneal basal cell density and subbasal
nerve density are criteria that have been investigated as
new indices to help in the diagnosis and, potentially, to669LSEVIER INC.
quantify the degree of LSCD.15 In the current study, we
investigated whether corneal and limbal epithelium thick-
ness also correlates with the severity of LSCD.METHODS
THIS CROSS-SECTIONAL STUDY WAS APPROVED BY THE
Institutional Review Board at the University of California,
Los Angeles. A total of 48 eyes from 35 patients were
included in this study. All eyes were examined by in vivo
scanning laser confocal microscopy. Each patient under-
went a comprehensive eye examination and slit-lamp mi-
croscopy before impression cytology and in vivo scanning
laser confocal microscopy, and 26 eyes underwent impres-
sion cytology.
Based on the results of the slit-lamp examination and
fluorescein staining, LSCD in the 48 eyes was characterized
as early, intermediate, or late stage according to the criteria
previously reported.15 Briefly, the early stage was character-
ized by stippling or late fluorescein staining, the intermedi-
ate stage was characterized by persistent late fluorescein
staining in a vortex pattern, and the late stage was charac-
terized by the same vortex staining and a history of cornea
epithelial defect or persistent epithelial defect. Representa-
tive slit-lamp photographs are shown in Figure 1. Affected
limbal and corneal areas were identified by the location of
fluorescein staining by slit-lamp examination. Affected
areas were then stratified into superior, nasal, inferior,
and temporal limbal sections. Unaffected areas were deter-
mined as the limbal sections outside of the affected
sections. Each patient’s chart was also reviewed to deter-
mine any underlying etiology and predisposing factors
that led to LSCD. A total of 10 eyes with normal presenta-
tion on slit-lamp examination and no previous history of
ocular disease were selected as the control group.
 CONFOCALMICROSCOPY ANALYSIS: Z-scan images were
taken by the Heidelberg Retina Tomograph III Rostock
Corneal Module Confocal Microscope (Heidelberg Engi-
neering GmBH, Dossenheim, Germany). A minimum of 3
volume scans of the central cornea, and the superior, nasal,
inferior and temporal limbus were collected. The volume
scans with minimal motion artifacts were selected for anal-
ysis. Representative confocal images of each stage are shown
in Figure 1. Epithelial thickness was obtained by manually
counting the focus positions of the initial image of the super-
ficial epithelium to the final image of the basal cell layer.
Each focal plane advanced 2 mm in depth.
 STATISTICAL ANALYSIS: Statistical analyses were
performed with SAS software (SAS Institute, Cary, North
Carolina, USA). Intraclass correlation coefficients were
used to assess the reliability of thickness measurements ob-
tained by 2 independent observers. Kruskal-Wallis tests670 AMERICAN JOURNAL OFwere used to compare the difference in thickness measure-
ments among control group and different stages of LSCD.
Any P value less than .05 indicated statistical significance.RESULTS
 PATIENT DEMOGRAPHICS: A total of 48 eyes of 35 pa-
tients with LSCD were studied, with 13 patients having
bilateral involvement at the time of presentation. Repre-
sentative slit-lamp photographs and confocal images of
the cornea and limbal epithelium are shown in Figure 1.
The Table summarizes patients’ demographic features.
The mean age of the study population was 60 years (range,
24–94 years). The mean age of the control group was 46.3
years (range, 27–88 years). There was no significant differ-
ence in age (P ¼ .11) or sex (P ¼ .51) between the control
and LSCD groups. Diagnosis of LSCD was confirmed in 12
eyes by impression cytology. The leading etiology was con-
tact lens wear (31.3%), followed by multiple surgeries
(29.2%). In 42 eyes with sectoral LSCD, the superior
limbus was the most commonly affected region in 23 eyes
(54.8%), followed by the inferior limbus (17 of 42 eyes;
40.5%) and the temporal limbus (9 of 42 eyes; 21.4%).
Each patient’s age, causative etiology, and stage of LSCD
are listed in Supplemental Table 1 (available at AJO.com).
Epithelium thickness measurements were performed by 2
independent observers in a masked fashion. The intraclass
correlation coefficient between the 2 observers (0.977;
Supplemental Figure, available at AJO.com) indicated a
high consistency of themeasurements. Themean epithelial
thickness in all 5 regions of the ocular surface in the normal
control group and in the LSCD groups are summarized in
Supplemental Table 2 (available at AJO.com). In the con-
trol group, the mean epithelium thickness (6 SD) was 48.6
6 2.3 mm in the central cornea and 63.76 11.3 mm in the
limbus. Epithelium thickness varied in different limbal re-
gions: the mean epithelium thickness was thickest in the
inferior limbus (68.3 6 17.5 mm) and was thinner in the
temporal limbus (62.7 6 10.0 mm), nasal limbus (60.3 6
12.1 mm), and superior limbus (59.4 6 9.6 mm).
There was a significant decrease in the overall mean
epithelium thickness in the cornea (38.8 6 14.8 mm,
20.2%, P ¼ .016) and limbus (39.2 6 14.4 mm, 38.5%,
P < .001) in the LSCD group compared to that in the
normal control group. Because contact lens wear was the
leading etiology of LSCD, to determine whether the
decrease in epithelium thickness was unique to this group
of patients, epithelium thickness was analyzed in the contact
lens and the non–contact lens subjects. There was more
cornea epithelial thinning in the non–contact lens subjects
(35.8 6 15.3 mm) than in the contact lens group (45.5 6
11.5 mm, P ¼ .01). There was no difference in the limbal
epithelial thickness between contact lens (40.6 6
12.8 mm) and non–contact lens subjects (38.5 6 15.2 mm,OCTOBER 2015OPHTHALMOLOGY
FIGURE 1. Representative images of normal eyes and eyes with early-stage, intermediate-stage, and late-stage limbal stem cell deficiency:
(Left) slit-lamp photographs; (Middle left) fluorescein staining patterns; (Middle right) in vivo scanning laser confocal microscopy image
frames of the corneal basal epithelium; (Right) in vivo scanning laser confocal microscopy image frames of the limbal basal epithelium.P ¼ .9). Therefore, epithelial thinning was detected in all
LSCD subjects regardless of the etiology.
The mean epithelium thickness of the central cornea
and all limbal regions became progressively thinner in
the more advanced stages of LSCD (Figure 2, Top). The
mean corneal epithelium thickness in patients with
LSCD reduced 7.6%, 20.8%, and 61.3% in the early, inter-
mediate, and late stage, respectively, compared to the con-
trol (Figure 2, Bottom left). In the limbus, the overall mean
epithelium thickness decreased 30.0%, 39.7%, and 62.8%
in the early, intermediate, and late stage of LSCD, respec-
tively, compared to the control (all P < .05; Figure 2, Bot-
tom right). Linear regression models analysis also
demonstrated the increased thinning of epithelium thick-
ness in more severe LSCD. Because of the variation of
epithelium thickness in different regions of the limbus,
epithelium thickness in each limbal region was further
analyzed. A similar trend of epithelial thinning wasVOL. 160, NO. 4 EPITHELIAL THINNING IN LIMBobserved in all 4 limbal regions of patients with LSCD
compared with those of corresponding regions in the
normal control group (Figure 3).
Most eyes in our study (87.5%) had clinical signs of sec-
toral LSCD at the time of presentation; that is, only a re-
gion(s) of the limbus was affected and other limbal
regions appeared clinically unaffected. Therefore, we
next compared the differences in the epithelium thickness
of the affected and unaffected limbal regions in patients
with LSCD with corresponding limbal regions of the
normal subjects. As expected, the affected limbal region
had significantly thinner epithelium thickness in all stages
of LSCD than the corresponding region in normal subjects
(Figure 4, Top, and Supplemental Table 3, available at
AJO.com). Interestingly, the epithelium thickness in the
unaffected limbal regions also was significantly thinner
than that of the control in all 3 stages of LSCD (Figure 4,
Middle). There was no significant difference in epithelium671AL STEM CELL DEFICIENCY
TABLE. Demographics of Patients With Limbal Stem Cell
Deficiency
N (%)
Sex (n ¼ 35 patients; mean age 60 years)
Male 16 (45.7)
Female 19 (54.3)
LSCD presentation (n ¼ 48 eyes)
Sectoral LSCD 42 (87.5)
Total LSCD 6 (12.5)
LSCD stage (n ¼ 48 eyes)
Early 18 (37.5)
Intermediate 25 (52.1)
Late 5 (10.4)
Etiologies (n ¼ 48 eyes)a
Stevens-Johnson syndrome 4 (8.3)
Multiple surgeries 14 (29.2)
Contact lens 15 (31.3)
Dry eye syndrome 9 (18.75)
Chemical injury 3 (6.3)
Drug toxicity 6 (12.5)
Chronic keratoconjunctivitis 5 (10.4)
Infectious keratitis 3 (6.3)
LSCD ¼ limbal stem cell deficiency.
a11 eyes had one or more etiologies.thickness between the affected and unaffected limbal re-
gions (Figure 4, Bottom, all P > .05).
Receiver operating characteristic curve analysis of the
corneal and limbal epithelium thickness in the control
and in patients with LSCD revealed that the cutoff value
for the corneal epithelium thickness was 45.5 mm and the
resulting sensitivity and specificity was 67% and100%,
respectively. The lower cutoff value for limbal epithelium
thickness was <51 mm and the resulting sensitivity and
specificity was 81% and 90%, respectively. On the basis of
these results, a decrease in the corneal epithelium thickness
ofmore than 6.2% and in the limbal epithelium thickness of
more than 20% might signify limbal stem cell dysfunction.DISCUSSION
CORNEAL EPITHELIUM THICKNESS CAN BE MEASURED BY
in vivo scanning laser confocal microscopy and optical
coherence tomography (OCT). The measurements ob-
tained from both devices are comparable.22–26 The limbal
thickness in normal subjects has been reported.26 Both
the corneal and limbal epithelium thickness measurements
in our control group are within the published ranges. In
addition, a very high correlation of the measurements
obtained by our 2 observers indicates that the potential
for variation is low and validates our method.
Limbal stem cells maintain the normal homeostasis and
ensure normal wound repair of the corneal epithelium.672 AMERICAN JOURNAL OFEpithelial stratification and self-renewal of corneal epithelial
cells require sufficient function of stem/progenitor cells. The
basal corneal epithelial cell density and subbasal nerve den-
sity are significantly reduced in LSCD15; therefore, it is not
surprising that the epithelium thickness is also significantly
reduced secondary to LSC dysfunction or deficiency. There
have been reports of corneal epithelial remodeling in kerato-
conus,27,28 dry eye syndrome,29–31 post–refractive surgery,32
collagen UV cross-linking,33 and extended contact lens
wearers.34–36 There are conflicting results regarding the
epithelium thickness of patients with dry eye syndrome: 1
study found epithelium thickness becomes significantly
thinner in these patients, whereas another study found the
epithelium thickness increases.30,37 In very severe dry eye
conditions in which there is significant metaplasia and
keratinization, it is possible that the epithelium becomes
thicker. However, LSCD was not seen in these patients. In
the diseases that have been shown to have thinner
epithelium thickness, the magnitude of epithelium
thickness reduction is mostly less than 10% and up to 18%
in 1 report at the apex of keratoconus.27 In LSCD, the reduc-
tion in epithelium thickness was far greater: the overall
corneal epithelium thickness reduction was 20% and more
than 60% in the late stage. In contact lens wearers without
LSCD, central epithelium thickness is only reduced by
9.6% compared to normal eye. Interestingly, the degree of
epithelium thickness reduction is significantly more severe
in non–contact lens subjects in our study. This indicates
that epithelial thinning observed in LSCD was not due to
the normal epithelial remodeling from contact lens wear,
but from the dysfunction or lack of functional LSCs.
The degree of epithelial thinning is positively correlated
with the degree of LSCD. None of our patients with LSCD
had keratoconus, which would account for epithelial thin-
ning. Such severe epithelial thinning in our patients is
likely due to the dysfunction or deficiency of LSCs, which
are required for adequate homeostasis of corneal epithe-
lium. In keratoconus, the change in epithelial thickness
is likely due to the remodeling of the epithelial layer to
compensate for the conical shape of the stroma.
The epithelium thickness in both the cornea and limbus
was reduced in eyes with LSCD, and the thinning was
greater in more advanced stages of LSCD. The greatest
decrease in thickness of the corneal epithelium occurred
between the early and intermediate stages of LSCD. In
the intermediate and late stages of disease, the decrease
in epithelium thickness was smaller. This finding suggests
that there is a minimal threshold of LSCs necessary to
maintain the normal hemostasis of corneal epithelium. In
some areas the epithelium layer could still be visualized
by in vivo scanning laser confocal microscopy; thus, their
thickness during late-stage disease could be estimated. In
other areas, the thin epithelium became indistinguishable
because of the hyperreflective fibrotic layer underlying
the stroma. The abnormal epithelium appeared to affect
the structure of the underlying stroma.OCTOBER 2015OPHTHALMOLOGY
FIGURE 2. Box-and-whisker plots of the epithelial thickness in normal control and in limbal stem cell deficiency. The epithelial
thickness of the central cornea (Top left) and average of all 4 limbal regions (Top right) shows a significant reduction of epithelium
thickness in limbal stem cell deficiency. The relative epithelium thickness (indicated as the percentage of epithelial thickness in
normal eyes) in central cornea (Bottom left) and limbus (Bottom right) decreases in more advanced stage of limbal stem cell defi-
ciency. LSCD, limbal stem cell deficiency. Asterisk denotes P< .05.Thirteen patients in our study had bilateral disease at the
time of presentation. In this subgroup 12 patients had
different stages of disease in each eye. The majority (18
eyes) had superior limbus involvement. This finding sug-
gests an underlying susceptibility to LSCD in the superior
limbus in these individuals and that development of disease
occurs at different rates. It has been suggested that there is
variation in the distribution of LSCs in the limbus. The su-
perior and inferior limbus, in particular, the Vogt palisade or
limbal crypts, harbor a higher density of LSCs.16,38 Damage
to the superior limbus would have a greater impact on
corneal epithelium maintenance and thus could result in
an earlier clinical presentation of disease. Espana and
associates found in their study of 7 LSCD eyes that only
the superior limbus was involved.39 It was hypothesized
that blinking of the upper eyelid may cause more frequent
microabrasions, leading to a greater loss of epithelial cells.
Thus, the superior limbus would need to meet the constant
demand to regenerate epithelial cells in that region. Given
the repair stress in that area, sectoral LSCD is more likely toVOL. 160, NO. 4 EPITHELIAL THINNING IN LIMBdevelop in the superior limbus. In the case of contact lens
wear, LSCD due to the dysfunction of LSCs could be tempo-
ral and reversible if the damage is not too severe.40 In the
current series, contact lens wear was the leading cause of
LSCD in the group with early-stage disease but not in the
groups with intermediate-stage or late-stage disease. This
observation suggests that the damage to the LSCs or LSC
niche could be less severe in some cases of LSCDdue to con-
tact lens wear. In some milder cases, the clinical presenta-
tion could be reversible if the insulting agent is removed
and sufficient time is allowed for the remaining LSCs to
repopulate. However, when the damage is severe LSCD
could become irreversible, as in other severe injuries.6
One interesting finding in the current study is that the
limbal epithelium is affected globally in all cases of
LSCD with sectoral presentation. Despite a normal clinical
presentation of the unaffected limbal regions by slit-lamp
examination, the LSCs and their niche are abnormal at
the microstructural level, as evident by the significantly
thinner limbal epithelium and the loss of the normal673AL STEM CELL DEFICIENCY
FIGURE 3. Box-and-whisker plots of the epithelial thickness of 4 limbal regions in normal control and in limbal stem cell deficiency.
There was reduction of epithelium thickness in all 4 limbal regions in limbal stem cell deficiency. LSCD, limbal stem cell deficiency.
Asterisk denotes P< .05.stromal structure. This observation suggests that insults
affect the LSCs globally at the cellular level. Therefore,
the onset of LSCD occurs sooner in the more susceptible re-
gion, such as the superior area. This observation also sug-
gests that LSCD is a spectrum of disease and that
subclinical damage to LSCs and their niche precede the
clinical presentation. Invasion of conjunctival epithelial
cells including goblet cells might be a rather late phenom-
enon of LSCD or LSC dysfunction. It would be beneficial to
detect subclinical damage and determine the threshold for
irreversible damage.
There are limitations of our study. In vivo scanning laser
confocal microscopy measurement of epithelium thickness
is more prone to motion artifacts than OCT. To achieve
accurate measurements, we selected those scans that had
no or minimal motion artifacts. The optical resolution of
the HRT III was 4 mm in the axial direction. Our study
shows that the range of decrease in epithelium thickness
was 3.7–29.8 mm in the central cornea and 19.1–40.0 mm674 AMERICAN JOURNAL OFin the limbus. Therefore, the change in epithelium thick-
ness in LSCD is not due to the range of resolution. Never-
theless, additional study using in vivo scanning laser
confocal microscopy and/or ultrahigh-resolution anterior
segment OCT is warranted to further evaluate the cellular
changes. However, one benefit of confocal microscopy over
OCT is that it allows confirmation of the complete absence
of corneal basal epithelium, which is important in assessing
the degree of LSCD in patients with advanced disease.
Another limitation is that the images were taken in 4 re-
gions of the limbus. There might be additional changes
in the areas that were not captured and accounted for in
the current study. Furthermore, there is a wide variation
of thickness measurements in the group of patients with
intermediate-stage LSCD. This variation might be due to
the less precise staging based on clinical presentation
alone. Our study suggests that classification of LSCD stag-
ing based on in vivo scanning laser confocal microscopy
findings might be more accurate.OCTOBER 2015OPHTHALMOLOGY
FIGURE 4. Comparison of the epithelial thickness of affected and unaffected limbal region. Box-and-whisker plots of the epithelial thickness of the affected regions of the inferior
limbus, nasal limbus, superior limbus, and temporal limbus (Top). Significant reduction in epithelium thickness was detected in all affected limbal regions compared with correspond-
ing regions in normal eyes. Box-and-whisker plots of the epithelium thickness of the unaffected limbal regions (Middle). Significant epithelial thinning was detected in the unaffected
limbal regions. The relative epithelial thicknesses (in percentage) in the affected and unaffected limbal regions compared with those of normal eyes are shown (Bottom). Asterisk
denotes P< .05.
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In summary, our study is the first to demonstrate a pro-
gressive decrease in corneal and limbal epithelium thick-
ness in LSCD and a positive correlation between
epithelial thinning and severity of the disease. As cellular676 AMERICAN JOURNAL OFchanges on the ocular surface precede the clinical presen-
tation of LSCD, the threshold of irreversible damage to
LSCs leading to the clinical presentation of LSCD needs
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SUPPLEMENTAL FIGURE. Correlation plot of corneal and
limbal epithelial thickness of both observers. Intraclass correla-
tion coefficient of 0.977 indicates high reliability between
measurements made by the 2 observers.VOL. 160, NO. 4 677.e2EPITHELIAL THINNING IN LIMBAL STEM CELL DEFICIENCY
SUPPLEMENTAL TABLE 1. Etiology of Limbal Stem Cell Deficiency
Eye # Age Sex Diagnosis/Etiology Eye Clinical Stage Clinical Findings
1 48 M SJS, DES OD Early Mild superior stippling staining
2 86 F DES OS Early Superior stippling staining
3 85 F Multiple surgeries OD Early Diffuse punctate keratopathy, inferior pannus
4 44 M SJS, DES OD Early Moderate superficial NV, moderate stippling staining
5 78 M Multiple surgeries OS Early Mild stippling staining
6 94 M Drug toxicity OD Early Late fluorescein staining
7 36 F CL OS Early Superior stippling staining
8 59 F Multiple surgeries OD Early Inferior vortex keratopathy
9 63 M Multiple surgeries OS Early Mild inferior punctate staining
10 28 F CL OS Early Mild inferior punctate staining
11 34 M SJS, DES OD Early Superior vortex keratopathy
12 54 F CL OS Early Superior vortex keratopathy
13 82 M Chronic keratoconjunctivitis OS Early Mild punctate staining
14 24 M Chemical injury OD Early Inferior stippling staining, Inferior pannus
15 55 F CL OD Early Superior epithelial irregularity
16 55 F CL OS Early Superior epithelial irregularity
17 51 F CL OD Early Mild inferior punctate staining
18 51 F CL OS Early Mild stippling staining
19 81 M Multiple surgeries, drug toxicity OD Intermediate Vortex keratopathy, inferior epithelial irregularity
20 36 F CL OD Intermediate Superior vortex keratopathy
21 60 M Multiple surgeries OD Intermediate Vortex keratopathy
22 77 F Multiple surgeries OD Intermediate Vortex keratopathy
23 55 M Multiple surgeries OS Intermediate Superior vortex keratopathy
24 92 M Idiopathic OD Intermediate Vortex keratopathy
25 78 M Multiple surgeries OD Intermediate Superior vortex keratopathy
26 94 M Drug toxicity OS Intermediate Vortex keratopathy
27 56 F CL OD Intermediate Vortex keratopathy
28 63 M Multiple surgeries OD Intermediate Superior-nasal vortex keratopathy, epithelial defect
29 28 F CL OD Intermediate Vortex keratopathy, epithelial defect
30 37 M Chronic keratoconjunctivitis OD Intermediate Inferior vortex keratopathy
31 37 M Chronic keratoconjunctivitis OS Intermediate Vortex keratopathy
32 82 M Infectious keratitis OS Intermediate Vortex keratopathy
33 49 M DES, multiple surgeries OD Intermediate Superior limbus conjunctivization
34 46 F CL OS Intermediate Vortex keratopathy, inferior punctate keratopathy
35 46 F CL OD Intermediate Superior punctate keratopathy
36 83 F Drug toxicity, DES OS Intermediate Vortex keratopathy
37 54 F CL OD Intermediate Superior-temporal vortex keratopathy
38 62 M Multiple surgeries, drug toxicity OS Intermediate Vortex keratopathy
39 82 M Chronic keratoconjunctivitis OD Intermediate Subepithelial haze, vortex keratopathy
40 82 M Multiple surgeries, drug toxicity OD Intermediate Superior stippling staining, vortex keratopathy
41 40 F CL OS Intermediate Superior vortex keratopathy
42 76 F DES, infectious keratitis OD Intermediate Diffuse vortex keratopathy
43 86 F DES OS Intermediate Diffuse subepithelial haze, diffuse stippling staining
44 48 M SJS, DES OS Late Complete conjunctivization
45 58 F Chemical injury, multiple surgeries OS Late Epithelial defect, diffuse pannus
46 79 M Infectious keratitis OD Late Vortex keratopathy, thinned epithelium
47 51 M Chemical injury OS Late Inferior vortex keratopathy
48 40 F CL, chronic keratoconjunctivitis OD Late Diffuse peripheral NV, vortex keratopathy
CL ¼ contact lens; DES ¼ dry eye syndrome; SJS ¼ Stevens-Johnson syndrome.677.e3 OCTOBER 2015AMERICAN JOURNAL OF OPHTHALMOLOGY
SUPPLEMENTAL TABLE 3. Epithelial Thickness in the Clinically Affected and Unaffected Limbal Regions in Limbal Stem Cell
Deficiency Eyes Categorized by Location and Stage
Early Stage (Mean 6 SD, mm) Intermediate Stage Late Stage
A U A U A U
Superior limbus 46.1 6 10.1* 47.0 6 9.5* 33.6 6 16.3* 50.0 6 7.8 23.5 6 19.7* 14.8 6 14.5*
Inferior limbus 45.0 6 15.4* 46.6 6 18.0* 31.0 6 11.5* 47.8 6 12.3* 18.3 6 21.2* 34.1 6 20.0*
Nasal limbus 41.1 6 16.5* 44.6 6 9.2* 41.6 6 15.6* 46.2 6 15.1* 9.5 6 10.6* 20.3 6 25.1*
Temporal limbus 50.6 6 15.7 41.5 6 16.6* 30.0 6 23.6* 42.6 6 15.1* 28.6 6 8.8* 55.8
A ¼ affected; UA ¼ unaffected.
*Denotes statistical significance compared to control eyes (P < .05).
SUPPLEMENTAL TABLE 2. Epithelial Thickness in Control Eyes and EyesWith Limbal StemCell Deficiency in the Cornea and Limbus
Control (Mean 6 SD, mm) All Stages Early Stage Intermediate Stage Late Stage
Central cornea 48.6 6 2.3 38.8 6 14.8* 44.9 6 5.1* 38.5 6 15.5 18.8 6 18.5*
All limbal regions 63.7 6 11.3 39.2 6 14.4* 44.6 6 8.9* 38.4 6 15.1* 23.7 6 16.6*
Superior limbus 59.4 6 9.6 38.0 6 16.1* 46.5 6 9.6* 35.7 616.3* 20.0 6 16.4*
Inferior limbus 68.3 6 17.5 40.7 6 18.6* 45.6 6 15.9* 40.9 6 18.8* 24.6 6 20.0*
Nasal limbus 60.3 6 12.1 39.6 6 16.5* 43.8 6 10.8* 41.6 6 15.6* 16.0 6 19.5*
Temporal limbus 62.7 6 10.0 40.0 6 17.3* 44.1 6 16.3 38.8 6 18.5* 34.1 6 14.3*
*Denotes statistical significance compared to control eyes (P < .05).VOL. 160, NO. 4 677.e4EPITHELIAL THINNING IN LIMBAL STEM CELL DEFICIENCY
